Introduction
============

Research and development have increasingly focused on the substitution of conventionally used heat treatments like sterilization and pasteurization with novel and mild decontamination techniques in order to meet consumer expectations and microbiological safety criteria of foods ([@B2]; [@B57]; [@B25]; [@B46]; [@B63]; [@B33]). Hence, technologies like mild heat treatments, high pressure processing, pulsed electric field, weak organic acids and aqueous chlorine dioxide treatments, pulsed light (PL) as well as preservation by combined processes (hurdle technology) have been subjected to thorough investigation of the underlying mechanisms of microbial inactivation. Further, effectiveness, influence on the chemical, physical, and mechanical product characteristics and fulfillment of the requirements for industrial application (e.g., economic, ecologic factors and compliance to the respective legal background) were analyzed in the past ([@B36]; [@B6]; [@B56]; [@B46]; [@B43]).

Especially, PL, a non-thermal technology approved by the U. S. Food and Drug Administration (FDA) making progress to broad industrial application, is of highest interest for food business operators since it allows for a fast, mild and residue-free decontamination. In its basics, the PL technology comprises the generation of short-duration, high-power pulses of broad-spectrum (180--1100 nm) light via a Xenon flash lamp. The main germicidal action is, however, mainly restricted to the UV region of the light. When applying PL, it must be considered that the efficiency of the treatment is strongly influenced by the three main factors, namely the nature of the treated matrix (transparency or opacity, surface characteristics, and composition), microbial contamination (microorganism, physiological state, population density, and growth characteristics) and the process parameters (spectrum, geometry, and set up) chosen ([@B13]; [@B17]; [@B44]; [@B62]; [@B26]).

So far, notable progress has been made in describing the inactivation of diverse microorganisms, including pathogens of current concern like *Listeria monocytogenes*, *Escherichia coli* O157:H7, *Salmonella* spp., and *Campylobacter* spp., in or on different food and food contact matrices and under various PL process conditions ([@B26]). However, research concerning the possibility of the surviving microbial fractions to develop tolerance to the same (homologous) stress or cross-tolerance to or from different (heterologous) stresses commonly applied in food manufacturing (e.g., acid, heat, NaCl) is still in its early phase. Research in this area may therefore directly contribute to current issues in risk assessment and particularly in the analysis and management of hazards which arise with the substitution of conventionally used heat treatments in the food industry ([@B1]; [@B38]; [@B27]; [@B21]; [@B48], [@B47]).

Against this background, the present study aimed at contributing to a general agreement about the topic of tolerance development of microorganisms and, in particular, of *L. monocytogenes* strains against homologous, sub-lethal PL stress over an extended period of time as well as the stability of the formed tolerance in time. A further aim of the study was to perform kinetic analysis of the PL inactivation and investigate the possibility of forming cross-tolerance from heat stress to PL in *L. monocytogenes*. Transmission electron microscopy (TEM) was also utilized for the purpose of observing potential morphological alterations in *L. monocytogenes* cells as results of PL stress.

Materials and Methods {#s1}
=====================

Bacterial Strains, Growth Conditions, and Inoculum Preparation
--------------------------------------------------------------

Information about the strains of *L. monocytogenes* used in the present study is summarized in **Table [1](#T1){ref-type="table"}**. Bacterial stock cultures were kept at -80°C in Brain heart infusion (BHI) broth (Oxoid Limited, UK) with 20% glycerol added as cryogenic agent. Fresh cultures in their early stationary growth phase were prepared for each experiment by inoculating a loopful of the frozen culture in BHI and incubating at 37°C for 18 h. BHI was chosen as medium with optimal growth rates under controllable conditions based on the EURL technical guidance document ([@B15]). The resulting cell suspension of *L. monocytogenes* contained about 10^9^ colony forming units (CFU) mL^-1^. Microbial counts were performed by spreading 0.1 mL of the appropriate serial dilution in peptone water (PW; Merck, DE) on the non-selective medium Tryptone Soya Agar supplemented with 0.6% Yeast Extract (TSA + YE; Oxoid Limited, UK), incubating at 37°C and colony counting after 24 h.

###### 

*Listeria monocytogenes* test strains used in this study.

  Internal number   Strain designation            Origin and source
  ----------------- ----------------------------- --------------------------------------------
  Li-10             ATCC 19115                    Serotype 4b human isolate
  Li-12             ATCC 19111                    Serotype 1/2a; poultry
  Li-16             ATCC BAA-751                  Serotype 1/2b
  Li-21             SLR 2249 Cornell university   *act*A deleted
  Li-26             AFSSA 424 Li                  Serotype 1/2a
  Li-P492           L1/09                         Outbreak strain
  Li-P503           --                            Cured pork neck after tumbling
  Li-P535           --                            Meat slicer environment
  Li-P517           --                            Drain meat processing after pasteurization
  Li-P69            --                            Fish factory environment

Sample Preparation
------------------

Petri dishes having a diameter of 9 cm (Greiner Bio One, DE) were aseptically filled with 20 ± 1 g of the sterilized and cooled (55°C) TSA + YE medium, which resulted in a thickness of the agar layer of 11.7 ± 0.9 mm. This allowed for a constant distance between the surface of the inoculated petri dish and the PL emitting source. Surface inoculation was then done by serially diluting the cell suspensions in the respective sterile culture medium and spreading of a 0.1 mL aliquot of the selected dilutions on the TSA + YE medium. Inoculated samples were then left to dry at room temperature for 1 h at 20°C before PL treatment. Approximate microbial cell density of the samples was 10^6^ CFU cm^-2^. This cell density was chosen to avoid a possible shading effect, which is likely to occur from a microbial cell density equal or higher than 3^∗^10^7^ CFU cm^-2^ due to overlapping of cells ([@B21]).

Pulsed Light Treatment
----------------------

For the PL treatment, the bench top device SteriPulse-XL RS-3000C (Xenon Corporation, MA) was used. This system has also been applied in previous studies ([@B30], [@B31]; [@B34]; [@B24]; [@B52]) and consisted of a sterilization time controller and a sterilization chamber, which was separated from the air-cooled lamp housing by a quartz window. The lamp housing held a single, cylindrical Xenon quartz lamp. Starting from an input voltage of 240, the system was capable of generating a radiant energy of 1.27 J cm^-2^ per pulse at 1.9 cm below the quartz window. Further, the pulse width was 360 μs, and after a default initial pulse, the pulse rate was 3 Hz.

Variation of the treatment intensity was facilitated by alternating the treatment time (s) and the distance between the quartz window and sample shelf. Of the 11 available shelf settings, settings 3 and 7 as counted from the quartz window were chosen for the tests. This resulted in distances of 4.5 and 9.6 cm from the quartz window. Samples centered on the shelf were treated for 0, 2, 5, 7, 10, 15 and 20 s. In order to allow intercomparison between different PL systems and to warrant result reproducibility, the total radiant energy received from the light source by the sample per unit area during the treatment time (fluence) was determined.

For the fluence (J cm^-2^) measurement the 3A-QUAD laser measurement sensor (Model No P/N 7z07934, Ophir Optronics Solutions Ltd) was used. The device was centered on the stainless steel shelf and recorded the energy levels over the respective times. The fluences associated with the respective treatment intensities are listed in **Table [2](#T2){ref-type="table"}**.

###### 

Fluence (J cm^-2^) measured at different PL treatment times and distances.

       Distance       
  ---- -------------- --------------
  0    0 ± 0          0 ± 0
  2    0.50 ± 0.17    0.46 ± 0.16
  5    3.89 ± 0.25    2.58 ± 0.19
  7    6.28 ± 0.23    3.79 ± 0.16
  10   9.75 ± 0.20    5.59 ± 0.14
  15   15.35 ± 0.17   8.32 ± 0.11
  20   20.78 ± 0.15   10.84 ± 0.10

Surface temperature of the samples was measured before and right after the PL treatments using an infrared thermometer (Model 805, Testo, AT).

After PL treatment, 0.1 mL sterile physiological saline solution (0.85% NaCl) were brought onto the agar surface and the fluid was spread thoroughly. This was done to further minimize possible overestimation of inactivation levels due to the shading effect, where closely situated bacteria may develop as single colony ([@B21]). Subsequently, the plates were brought to the dark of the 37°C incubator to minimize the chance of bacterial photoreactivation, a process where the endogenous enzyme photolyase in combination with visible light is capable of repairing PL caused DNA damage ([@B10]; [@B21]). Colonies were then counted after 24 and 48 h and expressed as CFU cm^-2^. Since no significant increase in CFU was observed for the 48 h incubation, results are expressed only for the 24 h incubation samples.

Plates containing between 10 and 300 colonies were evaluated and the results expressed as CFU cm^-2^. The surviving fraction of *L. monocytogenes* was then expressed as log (N/N~0~), where *N* represents the microbial cell density (CFU cm^-2^) and *N*~0~ the initial microbial cell density (CFU cm^-2^).

To determine the sensitivity of *L. monocytogenes* strains (**Table [1](#T1){ref-type="table"}**) to PL, the bacteria were treated at the lowest PL intensity of 0.46 J cm^-2^, an intensity where survival of *L. monocytogenes* was likely. The lower the degree of inactivation the more resistant the bacteria were. From the results, two *L. monocytogenes* strains were chosen for the tolerance tests.

Tolerance Development to Homologous PL Stress
---------------------------------------------

To investigate the ability of *L. monocytogenes* Li-16 and Li-P492 to develop tolerance against sub-lethal PL treatment, the stress protocol described by [@B21] was applied with slight modifications. Starting from three subcultures of each of the two tested *L. monocytogenes* strains in BHI, serial dilutions in BHI were spread onto TSA + YE. Subsequent to the sub-lethal PL treatment of 0.46 J cm^-2^, plates were incubated at 37°C for 48 h. After enumeration of the surviving fraction, one randomly selected colony from each subculture was transferred to BHI and cultured at 37°C for 24 h, plated and flashed again at the same conditions. This sequence of actions was repeated 20 times during a 46 days period. To compare control and stressed *L. monocytogenes* strains, resulting cultures were treated with fluences ranging from 0.46 to 20.78 J cm^-2^ (**Table [2](#T2){ref-type="table"}**).

Influence of Deep-Freeze Storage of *L. monocytogenes* Stains on PL Tolerance
-----------------------------------------------------------------------------

To check the retention of the increased tolerance over time, control and tolerant strains were stored under deep-frozen conditions (-30°C) for 133 days and again subjected to fluences ranging from 0.46 to 20.78 J cm^-2^ (**Table [2](#T2){ref-type="table"}**).

Heat Stress and Cross-Tolerance Development to PL
-------------------------------------------------

In order to identify the potential of heat stressed cells of Li-P492 for the development of cross-tolerance to PL, the procedure of [@B37] was applied with slight modifications. Starting from a culture in the stationary growth phase, a 10 mL aliquot was mixed with 90 mL physiological saline solution (0.85% NaCl) in a 200 mL glass flask. Subsequently, the tube was submerged in a 47°C tempered, circulating water bath (Medingen W22, Preiss-Daimler, DE). The actual temperature of the cell suspension was measured using a thermometer (LLG- General-purpose thermometer, measuring range -10 to +100°C) in a reference flask containing physiological saline solution (0.85% NaCl) solely. After the short temperature adaption period of 5 min, the time for the 1 and 1.5 h heat stress was recorded as soon as the 47°C mark was reached. After the heat stress, the cell suspension was immediately cooled down in ice water for 1 min and subjected to PL treatment of 0.46 J cm^-2^.

Statistical Analysis
--------------------

The data obtained from the randomized trials (triplicate tests with threefold determination) were compared by Analysis of Variances (ANOVA) using IBM SPSS statistic software, version 21. The *post hoc* test chosen was the Bonferroni test. Statistical evaluations were based on a 95% confidence interval (α = 0.05).

Inactivation Kinetics
---------------------

Survival curves were obtained by plotting the logarithm of microbial cell density (CFU cm^-2^) against the treatment intensity, given in fluence (J cm^-2^). As the curves did not fit the classical log-linear approach, conventionally used for heat sterilization processes, the Geeraerd and Van Impe inactivation model-fitting tool (GInaFiT; Version 1.6), a freeware add-in for Microsoft Excel, was used to describe the inactivation curves of the pathogen ([@B20]). The two additional mathematical models chosen were the log-linear + tail and the Weibull model, as they more closely fit the data.

The log-linear model assumes that all individuals in a population have equal sensitivity to the applied heat treatment. This means that a linear relationship between the death of an individual and the random chance of sufficiently affecting a key molecule or "target" via the treatment is given ([@B4]; [@B11]; [@B20]). In static conditions, this can be calculated using Eq. (1).
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In this context *N* describes the microbial cell density (CFU cm^-2^), *N*(0) stands for the initial microbial cell density (CFU cm^-2^), *k*~max~ represents the first order inactivation constant (1/time unit) and *D* describes the decimal reduction time (time unit; [@B4]; [@B20]).

Authors repetitively highlight the inactivation curve of microorganisms subjected to PL to be non-log-linear ([@B55]). More particularly, three phases, namely shoulder, log-linear phase and tailing region can be recognized due to the existence of resistant sub-populations ([@B7]). Since log-linear behavior with and without shoulder and/or tailing can be observed, the GInaFiT add-in covers a log-linear model with shoulder and/or tailing ([@B20]). Setting the shoulder or the residual population density in Eq. (2) equal to zero leads, in static conditions, to the reduced models of log-linear + shoulder and log-linear + tail, respectively ([@B19], [@B20]).
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Herein, *N* describes the microbial cell density (CFU cm^-2^), *N*(0) represents the initial microbial cell density (CFU cm^-2^), *N*~res~ stands for the residual population density (CFU cm^-2^), *k*~max~ describes the specific inactivation rate (1/time unit), and *S*~1~ is a parameter representing the shoulder (time unit). In the case of the log-linear + tail model, setting the shoulder equal to zero results in Eq. (3), ([@B19], [@B20]).
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The Weibull model assumes that the entire microbial population is not equally resistant to the lethal treatment and as a consequence, that each individual is not destroyed at the same time during the treatment. As a result, the Weibull survival curve is the cumulative form of a temporal distribution of lethal events where each individual is inactivated at a specified time ([@B45]; [@B40]; [@B20]). This spectrum of tolerances is depicted in Eq. (4), ([@B45]; [@B40]).
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In this context *N* is the microbial cell density (CFU cm^-2^), *N*(0) stands for the initial microbial cell density (CFU cm^-2^), *t* describes the inactivation time (time unit), δ is a scale parameter and can be denoted as the time (time unit) that leads to the first decimal reduction of the surviving population if *p* = 1 and *p*(-) describes the shape parameter. A *p* \> 1 describes a convex, while a *p* \< 1 describes a concave shaped survival curve. A *p* = 1 corresponds to the log-linear shape ([@B40]; [@B20]).

Parallel to [@B28], the curves were fitted separately and the accuracy of the kinetic models was compared on basis of the automatically in the GinaFiT add-in generated, statistical parameter square root of the mean squared error (RMSE). The statistical measure is regarded as a simple and informative measure of goodness of fit for both, linear and non-linear models and gives the "average" discrepancy between the (transformed) observed data and their predicted pendants. So, the RMSE in regard of the precision of the observed data is useful to determine if a model fits the data ([@B51]). The RMSE can be calculated using Eq. (5).
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Herein, *N* is the number of data points, *x*~i~ stands for the logarithmic cell density (CFU cm^-2^) observed and *x*~i~ is the logarithmic cell density estimated by the model ([@B51]; [@B28]).

Subsequently, analysis of variance (ANOVA) was conducted to compare the mean RMSE among the different models. The Bonferroni *post hoc* test was used to group the means of RMSE based on a 95% confidence interval (α = 0.05). The statistical analysis was conducted using IBM^®^ SPSS^®^ statistic software, version 21.

Transmission Electron Microscopy (TEM)
--------------------------------------

### Sample Preparation

*Listeria monocytogenes* strain Li-P69 was grown overnight at 37°C for 18 h in BHI. An aliquot of 0.1 mL of the bacterial suspension (1:10) was plated onto Gelerite Plates. Gelerite was preferred instead of Agar-based media due to its translucent nature and the solid surface structure in order to obtain a high amount of the bacterial suspension for TEM analysis. In brief, Gelerite plates were prepared from 100 mL of BHI and 7 g Gelerite (Carl Roth, DE) and further autoclaved. Plates were poured and solidified at room temperature before inoculation. After inoculation, plates were stored at room temperature for 1 h prior PL treatment. Li-P69 was treated for 3 and 5 s at a distance of 9.6 cm, which resulted in fluences of 1.20 and 2.58 J cm^-2^. After the treatment, plates were flushed with physiological saline solution (0.85% NaCl) and transferred to a micro reaction tube followed by a centrifugation step at 7.000 rpm for 5 min. Control cells were processed by the same protocol.

### Transmission Electron Microscopy (TEM)

Chemicals are, if not stated otherwise, from Sigma--Aldrich, Austria. All steps of the embedding process were performed under a fume hood on a shaker at 100 rpm.

The bacterial pellet was mixed with 50 μl of 2% Agarose in distilled water and cut in stripes after solidification. Fixation was performed using a fixation solution containing 2.5% Paraformaldehyde, 2.5% Glutaraldehyde, and 2.5 mM CaCl~2~ in 0.1 M Na-Cacodylat in distilled water pH 7.4 plus 1% Tannic Acid for 2 h at room temperature, followed by another fixation step without Tannic Acid over night at 4°C. Afterwards, a threefold washing step with 0.1 M Na-Cacodylat was carried out. Postfixation with 1% OsO~4~ in 1.5% Ferricyanid solution followed by an additional step in 1% OsO~4~. After fixation, the cells were rinsed three times with distilled water and dehydrated in a graded ethanol series from 70 to 100%. The cells were sequentially infiltrated with LR-White Resin (Fluka, Germany), transferred into gelatin capsules size "00" and polymerized at 60°C for 40 h. The blocks were hand trimmed with a razor blade and slices of 70 nm were cut using a Leica Ultracut UC7. Slices were placed on 150 mesh copper grids and examined using a Tecnai G20 Transmission Electron Microscope with an acceleration voltage of 160 kV. Two replicates were performed per treatment time.

Results And Discussion
======================

Novel and mild inactivation technologies open up new possibilities in meeting legal requirements in terms of food safety as well as modern consumer demands ([@B2]; [@B57]; [@B25]; [@B46]; [@B63]; [@B33]). However, incomplete inactivation and sub-lethal damage of the target microorganisms is a critical hazard that cannot be neglected, as it not only endangers microbial quality and safety of the products but entails the danger of modified properties of the surviving bacterial sub-populations. In this regard, (cross) tolerance and modified virulence characteristics is one of the major concerns in the scientific community and among food business operators ([@B38]; [@B53]; [@B54]; [@B27]; [@B18]; [@B48], [@B46]). Thereby, bacteria response to inimical environmental factors such as temperature, pH, osmolarity or oxidative stress by exhibiting diverse physiological and molecular responses ([@B1]; [@B53]; [@B48]). Such effects have, for example, been shown for technologies like high pressure processing and pulsed electric field, and it seems that increased tolerance is not an abrupt process but a result of repetitive exposure to sub-lethal treatments. Additionally, tolerance development was found to be species-, strain- as well as treatment- specific ([@B64]; [@B46]).

In recent years, some research has been conducted aiming at assessing whether and to what extent (cross) tolerance development occurs in (pathogenic) microorganisms exposed to PL. Nevertheless, the experimental data are rather controversial and there is no general agreement on this topic ([@B41]; [@B21]; [@B48], [@B47]; [@B42]; [@B5]; [@B59]).

Tolerance Development to Homologous PL Stress and Influence of Deep-Freeze Storage
----------------------------------------------------------------------------------

By subjecting the *L. monocytogenes* strains listed in **Table [1](#T1){ref-type="table"}** to a PL stress of 0.46 J cm^-2^, a considerable reduction of initial microbial cell density (log CFU cm^-2^) was obtained. For *L. monocytogenes* the inactivation levels ranged from 3.15 ± 0.04 to 5.43 log CFU cm^-2^. Details on initial counts as well as the inactivation levels are listed in **Table [3](#T3){ref-type="table"}**. *L. monocytogenes* Li-16 and Li-P492 strains were chosen as indicator organisms for the subsequent experiments. The main reason for this selection lies in the fact that the strains were among the most tolerant to PL and that *L. monocytogenes* is a pathogen of current concern in the food industry ([@B58]; [@B14]).

###### 

Mean reduction (log CFU cm^-2^) and standard deviation of *L. monocytogenes* viable counts on Tryptone Soya Agar supplemented with Yeast Extract when exposed to sublethal PL stress of 0.46 J cm^-2^.

  Internal number   Inactivation ± SD (log10 CFU cm^-2^)
  ----------------- --------------------------------------
  Li-10             5.02 ± 0.92
  Li-12             5.32 ± 0.17
  Li-16             3.35 ± 0.12
  Li-21             4.70 ± 0.72
  Li-26             \>5.24^∗^
  Li-P492           3.15 ± 0.04
  Li-P503           \>5.43^∗^
  Li-P535           4.98 ± 0.35
  Li-P517           4.92 ± 0.24

∗

Variance could not be calculated when inactivation exceeded the detection limit.

**Table [4](#T4){ref-type="table"}** summarizes the mean logarithmic reduction of microbial cell density (CFU cm^-2^) of *L. monocytogenes* Li-16 and Li-P492 inoculated on TSA + YE medium when applying fluences ranging from 0.46 to 20.78 J cm^-2^ (**Table [2](#T2){ref-type="table"}**). The PL treatment was performed on control strains, strains that exhibited homologous stress over an extended period of time and stressed strains stored under deep-freeze conditions over an extended period of time.

###### 

Mean reduction (log CFU cm^-2^) of viable counts of *L. monocytogenes* Li-16 and Li-P492 on Tryptone Soya Agar supplemented with Yeast Extract when exposed to different PL treatment intensities.

                           Li-16         Li-P492                                                 
  ------------------------ ------------- ------------- ------------- ------------- ------------- -------------
  0 ± 0                    0 ± 0         0 ± 0         0 ± 0         0 ± 0         0 ± 0         0 ± 0
  0.46 ± 0.16              3.35 ± 0.12   1.98 ± 0.02   2.82 ± 0.03   3.15 ± 0.04   0.75 ± 0.01   1.84 ± 0.11
  0.50 ± 0.17              3.34 ± 0.09   1.96 ± 0.12   2.85 ± 0.04   3.28 ± 0.03   0.82 ± 0.01   1.79 ± 0.25
  2.58 ± 0.19              4.82 ± 0.01   2.67 ± 0.03   3.75 ± 0.25   3.80 ± 0.16   2.84 ± 0.03   2.99 ± 0.18
  3.79 ± 0.16              5.01 ± 0.02   3.07 ± 0.16   4.81 ± 0.04   5.25 ± 0.02   3.03 ± 0.04   3.57 ± 0.10
  3.89 ± 0.25              4.86 ± 0.02   2.75 ± 0.04   3.83 ± 0.23   4.07 ± 0.14   3.07 ± 0.11   3.10 ± 0.02
  5.59 ± 0.14              5.32 ± 0.02   3.55 ± 0.35   5.34 ± 0.04   5.45 ± 0.04   3.86 ± 0.22   4.08 ± 0.16
  6.28 ± 0.23              5.06 ± 0.01   3.41 ± 0.10   4.85 ± 0.01   5.22 ± 0.03   3.18 ± 0.04   3.46 ± 0.05
  8.32 ± 0.11              5.50 ± 0.07   5.00 ± 0.02   5.56 ± 0.08   6.10 ± 0.03   5.16 ± 0.04   5.50 ± 0.09
  9.75 ± 0.20              5.35 ± 0.03   3.67 ± 0.02   5.35 ± 0.04   5.49 ± 0.07   3.95 ± 0.20   4.11 ± 0.14
  10.84 ± 0.10             5.92 ± 0.17   5.16 ± 0.05   6.08 ± 0.02   6.51^∗^       5.55 ± 0.06   6.00 ± 0.05
  15.35 ± 0.17             5.70 ± 0.05   5.21 ± 0.04   5.70 ± 0.04   6.28 ± 0.03   5.25 ± 0.05   5.46 ± 0.09
  20.78 ± 0.15             6.19 ± 0.05   5.76 ± 0.14   6.01 ± 0.13   6.51^∗^       5.78 ± 0.07   6.07 ± 0.19
                                                                                                 
  **Mathematical model**   **RMSE**                                                              
                                                                                                 
      Weibull-type         0,446         0,804         0,534         1,068         0,454         0,653
  Log-linear + tail        0,868         0,621^∗∗^     0,766         0,418^∗∗^     0,729         0,828
      Log-linear           1,239         1,021         1,071         1,495         0,904         1,385

Further, the goodness of fit parameter Root Mean Square Error (RMSE) of the log-linear, log-linear + tail as well as Weibull models, predicting the reduction of viable counts of L. monocytogenes, are given.

∗

Maximum inactivation.

∗∗

Cases where the Log-linear + tail model fitted the data better than the Weibull model.

The statistical analysis revealed that the dependent variable reduction of microbial cell density was significantly (*p* = 0.01) influenced by the independent variables strain, condition and PL treatment intensity. Therefore, one result to emerge from the data is that, next to the treatment intensity, the strain specific nature of *L. monocytogenes* Li-16 and Li-P492 influences the sensitivity to PL. Further, strong evidence of tolerance development in both strains was found when applying homologous PL stress over an extended period of time. Interestingly, the tolerance retention seems to be time dependent. So, the level of tolerance declined considerably (*p* = 0.01) after the deep-freeze storage period.

On closer examination of the data presented in **Table [4](#T4){ref-type="table"}** in combination with **Figures [1](#F1){ref-type="fig"}** and **[2](#F2){ref-type="fig"}**, it can be seen that strains of Li-16 and Li-P492 exhibit a steep decrease in microbial cell density in the first half and progressive leveling-out of the curve in the second half of the PL treatment. The maximum reduction in microbial cell density was observed at the highest treatment intensity of 20.78 J cm^-2^ for control strains of Li-16 and Li-P492. Corresponding values are 6.19 ± 0.05 and 6.51 log CFU cm^-2^.

![**(A--C)** Survival (log CFU cm^-2^) of viable counts of *Listeria monocytogenes* Li-16 inoculated on Tryptone Soya Agar supplemented with Yeast Extract when exposed to different PL treatment intensities (0.46 ± 0.16 to 20.78 ± 0.15 J cm^-2^). The symbols represent observed means for control (■), tolerant (●) as well as tolerant and stored (x) strains. The lines represent the respective mathematical inactivation models calculated on basis of the observed values for control (solid line), tolerant (dotted line) as well as tolerant and stored strains (dashed line). **(A)** Weibull-type model. **(B)** Log -- linear + tail model. **(C)** Log -- linear model.](fmicb-07-00490-g001){#F1}

![**(A--C)** Survival (log CFU cm^-2^) of viable counts of *L. monocytogenes* Li-P492 inoculated on Tryptone Soya Agar supplemented with Yeast Extract when exposed to different PL treatment intensities (0.46 ± 0.16 to 20.78 ± 0.15 J cm^-2^). The symbols represent observed means for control (■), tolerant (●) as well as tolerant and stored strains (x). The lines represent the respective mathematical inactivation models calculated on basis of the observed values for control (solid line), tolerant (dotted line) as well as tolerant and stored strains (dashed line). **(A)** Weibull-type model. **(B)** Log -- linear + tail model. **(C)** Log -- linear model.](fmicb-07-00490-g002){#F2}

Referring to the statistical analysis of Li-16, the significant (*p* = 0.01) tolerance development due to homologous stress over an extended period of time resulted in a mean difference between the control and tolerant strains of Li-16 of 1.16 ± 0.02 log CFU cm^-2^. After deep-frozen storage, the mean difference (*p* = 0.01) between the control and the stored strains of Li-16 was still significant, but reduced to 0.32 ± 0.02 log CFU cm^-2^. The significant (*p* = 0.01), mean difference between stressed and stored strains of Li-16 whereas was 0.85 ± 0.02 log CFU cm^-2^.

Similarly, Li-P492 exhibited a significant (*p* = 0.01) mean tolerance development of 1.23 ± 0.02 and reduction after storage to 0.87 ± 0.02 log CFU cm^-2^. The mean difference between stressed and stored strains of Li-P492 whereas was reduced to 0.35 ± 0.02 log CFU cm^-2^, but also significant (*p* = 0.01).

Interestingly, the findings of the present study are not in line with previous research conducted by [@B41], [@B21], and [@B59]. [@B21], for example, stated that after 13 cycles of PL treatment, re-cultivation and re-exposure of the surviving fractions to PL no tolerance of *L. monocytogenes* against PL was induced. Similarly, [@B59] found that up to 10 cycles of PL treatment did not influence the tolerance behavior or growth kinetics of *L. monocytogenes*, *L. innocua*, and *E. coli*. Also, [@B41] could not demonstrate tolerance development of conidia of *Botrytis cinerea* and *Monilinia fructigena* after 10 cycles of PL treatment.

However, the findings of the present study are to a large extent consistent with those of [@B48] and [@B42], who also do not support the above authors' conclusion of PL being a technology not selecting for resistant microorganisms. [@B48] for example detected a tolerance development of approximately 1 log CFU mL^-1^ in a four-strain mix culture of *L. monocytogenes* when applying homologous, sub-lethal PL stress over an extended period of time. At the end of this period, the authors were able to show that the strain with the lowest initial susceptibility to PL was predominant at the end of the experiment and concluded that the strain was able to overgrow more sensitive strains and further enhance its tolerance. Interestingly, a similar pattern of tolerance development (2 log CFU mL^-1^) and predominance of one strain at the end of the experiment was shown for *E. coli* O157:H7. Further, the increased tolerance against PL of *L. monocytogenes* and *E. coli* O157:H7 was shown to remain stable over 12 months storage at -75°C and tolerant strains exhibited considerable longer lag phase before the onset of the exponential growth when compared to the control strains. In a subsequent study, [@B47] were able to verify that -- although the exact underlying mechanism of increased tolerance is not yet known -- increased tolerance against PL significantly modifies the growth characteristics of the tested strains. This has, for example, also been shown for barotolerant *E. coli* ([@B23]). Further, [@B47] did not report cross-tolerance development of PL tolerant strains toward heat and low pH.

The present results show that homologous tolerance development to PL is possible in *L. monocytogenes* and that repeatedly treated microorganisms are approximately 1 log CFU cm^-2^ less susceptible to subsequent PL treatments. This is in accordance with [@B48]. Concerning the stability of this increased tolerance in *L. monocytogenes* in time, discrepancies to [@B48] were detected. While the named authors exhibited stability of the induced tolerance at a storage temperature of -75°C, the present study observed a decline of stability at a storage temperature of -30°C. This may be explained by the temperature difference and associated accelerated biochemical processes.

In a study by [@B42] the adaptation phenomenon to PL treatment was also demonstrated for strains of *Pseudomonas aeruginosa*. In this context, the authors reported constant mutation frequency but altered abundance of proteins. In detail, *P. aeruginosa* was found capable of down-regulating energy and carbon metabolism as well as redox-homeostasis and cell motility. In contrast, transcription and translation regulators, proteins associated with heat-shock and phage-related proteins were overproduced. The authors interpreted these findings as reallocating resources by limiting energy conversion processes and up-regulating of proteins involved in chaperone mechanisms and probably in response to DNA damages to protect the cell against repeated PL stress.

This combination of findings provides some support for the conceptual premise that homologous, sub-lethal PL stress applied over an extended period of time can induce tolerance development in bacteria. Since these findings, however, obviously are restricted to laboratory conditions, natural occurrence is not documented yet. Nevertheless, the number of studies reporting capability of bacterial populations to build-up tolerance toward novel and mild inactivation treatments has risen the awareness of the scientific community as well as of food business operators in recent years ([@B64]; [@B50]; [@B46], [@B47]; [@B5]; [@B22]).

To avoid occurrence and persistence of tolerant (sub) populations in the processing environment and, as a consequence, on or in food, [@B48], [@B47]) identified several preventive and control measures. These include appropriate process and equipment design, cleaning and disinfection, sampling program, discourage of the rework and adequate combination of different preservation factors, also known as hurdle technology, during the shelf-life of the product ([@B36]; [@B47]).

Inactivation Kinetics
---------------------

In the last decade, there has been an increasing amount of literature on the inactivation kinetic behavior of microorganisms as a result of novel, mild decontamination technologies. In most cases, the log-linear model is described as being not suitable for the description of microbial inactivation ([@B39]; [@B3]; [@B16]; [@B32]; [@B35]; [@B59]).

In order to facilitate a strain specific evaluation of the inactivation kinetics, the present study deliberately used single strains of *L. monocytogenes* instead of a strain mix like applied by [@B48]. From **Figures [1](#F1){ref-type="fig"}** and **[2](#F2){ref-type="fig"}** as well as **Table [4](#T4){ref-type="table"}** one can presume that the inactivation kinetic of both, *L. monocytogenes* Li-16 and Li-P492, is non-log-linear, exhibiting a substantial decline in the early phase and gradually leveling off, also known as tailing, in the later phase of inactivation treatment, which results in an overall concave upward shape of the curve.

These results are consistent with those of other studies and suggest that the inactivation of bacteria with PL is non-linear with a sigmoid shape ([@B39]; [@B16]). The substantial decline and less pronounced shoulder may originate from the fact that the PL treatment of 0.46 J cm^-2^ was already too intense to study the cell injury phase, but adequate to illustrate the rapid decline of surviving cells after a maximum amount of injury and a minimum of additional energy required to cause tremendous cell death rates. Similar inactivation patterns for PL have, for example, been previously shown by [@B60], [@B3], [@B32] and [@B35].

In order to assess which kinetic model fits best, the Geeraerd and Van Impe inactivation model-fitting tool (GInaFiT) was used, and the two best fitting models, the log-linear + tail as well as the Weibull model, were chosen for comparison with the log-linear model. RMSE values for control, stressed and stored strains of Li-16 and Li-492 are listed in **Table [4](#T4){ref-type="table"}**. The log-linear + tail model was apparently more suitable than the linear model for describing the survival curves observed in this study. Similar to the log-linear + tail model, the Weibull model can be also fitted to the curve exhibiting upward concavity. Concavity is proven by the shape parameter *p*(-) which is, in all cases, below the value of 1 ([@B40]; [@B20]; **Table [4](#T4){ref-type="table"}**). In most cases, the RMSE values and thus the "average" discrepancy between the (transformed) observed data and their predicted pendants were lowest with the curves observed with the Weibull model, which gives a good indication for the suitability of this model. Exceptions, however, where the log-linear + tail model fitted the data better than the Weibull model were observed (**Table [4](#T4){ref-type="table"}**). Taken together, the mean values of the RMSE were 1.186, 0.705, and 0.660 for the log-linear, log-linear + tail and Weibull model, respectively. According to the ANOVA analysis, the mean of RMSE obtained from the log-linear model was significantly (*p* \< 0.05) higher than those from the log-linear + tail and Weibull model. A significant difference between the means of RMSE obtained from the log-linear + tail and Weibull model, however, was not detected (*p* \> 0.05). Overall, this suggests that of the three tested models the Weibull and the log-linear + tail model are best suited for describing the process of PL inactivation on *L. monocytogenes* Li-16 and Li-P492 inoculated on TSA + YE medium.

The present findings contribute to the general perception that the log-linear inactivation is not suitable for the description of the microbial inactivation pattern ([@B39]; [@B3]; [@B16]; [@B32]; [@B35]; [@B59]). It should be, therefore, considered to use alternative models like the Weibull or log-linear + tail model to describe the inactivation patterns of PL and other novel and mild inactivation technologies. This allows to predict microbial inactivation and to develop optimum and safe processes ([@B9]; [@B60]; [@B3]; [@B32]; [@B35]).

Heat Stress and Cross-Tolerance Development to PL
-------------------------------------------------

To date, little is known about the influence of prior food processing conditions (applied sequentially or simultaneously) on the subsequent cross-tolerance of bacteria to non-thermal technologies such as PL ([@B5]). In their study, [@B5] investigated the relationship between sub-lethal levels of acid (pH 5.5, 1 h), salt (7.5% NaCl, 1 h) and heat (48°C, 1 h) and the capability of different strains of *L. monocytogenes* to cope with subsequently applied PL stress. The findings suggested that sub-lethal levels of acid and salt significantly reduced the ability to cope with the PL stress. Acid adaptation during growth until stationary phase, however, did not significantly influence the outcome. Likewise, exposure to sub-lethal levels of heat treatment did not significantly affect the PL sensitivity. However, increased invasion of *Caco-2* cells was observed after heat treatment and thus may be linked to modified virulence characteristics of *L. monocytogenes* ([@B5]).

The present study showed that *L. monocytogenes* Li-P492 exhibited a significant (*p* \< 0.05) higher cross-tolerance behavior following PL treatment of 0.46 J cm^-2^ after previous heat stress (45°C) of approximately 1 log CFU cm^-2^. In detail, the non-heat treated samples exhibited an inactivation of -3.38 ± 0.29, and the 1 and 1.5 h heat treated samples resulted in an inactivation of -2.36 ± 0.03 and -2.44 ± 0.12 log CFU cm^-2^. However, no significant difference between the treatments was detectable (*p* \> 0.05).

While these findings stand in contrast to the results reported by [@B5], they may be explained by the time period between heat stress, inoculation and PL treatment (1 h). This could have given the bacteria the opportunity to manifest protection mechanisms as described by [@B42]. Cross-tolerance development should, therefore, not be neglected in food processing environments.

Fluence and Temperature Measurement
-----------------------------------

The temperature measurements revealed that the initial temperature of the samples after inoculation was 18.7 ± 1.1°C and that a significant (*p* = 0.01) increase in temperature was observed with increasing treatment times at the same distance from the quartz window. Further, temperature significantly (*p* = 0.01) increased with a decrease in distance for the same treatment time. At a treatment time of 20 s, the maximum mean temperatures recorded for shelf settings of 3 and 7 were 39.8 ± 0.5 and 32.4 ± 0.7°C, respectively. These findings seem to be consistent with those of other studies and suggest that the PL treatment was conducted under non-thermal conditions. Thereby, the moderate warming of the matrix can be explained by the absorption of the light spectrum emitted by the lamp and the inverse square law ([@B21]; [@B30], [@B31]).

The results obtained from the fluence measurements indicated that the total amount of energy obtained by the sample ranged from 0.46 to 20.78 J cm^-2^ (**Table [2](#T2){ref-type="table"}**). These results are in agreement with those of [@B30], who reported similar results for a structurally identical PL device.

TEM Observations of Antimicrobial Actions
-----------------------------------------

Transmission electron microscopic analysis of bacteria reveal nanometer resolutions to better understand changes of the cellular organizations in relation to food processing technologies. The mechanism of microbial inactivation by PL is mainly based on the UV fraction of the spectrum including the photothermal, -chemical, and physical effect ([@B49]). In order to study the morphological effect, cells of Li-P69 were analyzed using TEM. The untreated rod-shaped cells served as control to ensure main differences among treated and untreated samples through imaging. Cells were mainly observed at the population rather than the single-cell level. Control cells showed a homogenous cytoplasm appearance with distinct cell membrane structures (**Figure [3](#F3){ref-type="fig"}**). Slightly brighter aggregation areas in the middle of the cytoplasm may indicate cell damage, elevated cell age and denaturation through, e.g., sample preparation. After treatment of inoculated cells, a lethal effect could be observed from a cell morphological point of view. Cells are represented by intracytoplasmatic coagulated material (**Figure [4](#F4){ref-type="fig"}**) maybe resulting from microprecipitation of abnormal proteins and membranes ([@B12]). With the increase of the treatment time (3 and 5 s) and the fluence rate, respectively (1.2 and 2.6 J cm^-2^), an elevated antimicrobial effect related to structural differences in the cell compartments (cell wall, cytoplasm) of the Gram-positive *L. monocytogenes* strain could be demonstrated (**Figures [4](#F4){ref-type="fig"}** and **[5](#F5){ref-type="fig"}**, respectively). The cells were mainly characterized by a cytoplasm shrinkage (**Figures [5A,C](#F5){ref-type="fig"}**) and release of the cellular content at the peripheral side (**Figure [5C](#F5){ref-type="fig"}**). Clear extracellular fibrous structures increase by the PL intensity indicating disrupted cell membrane components that are partly folded (**Figures [5A,B](#F5){ref-type="fig"}**). Further the formation of ghost cells (empty and flaccid cells) characterized by intact cell envelope structure and loss of intracellular material was more frequently observed in the cell population treated for 5 s (**Figure [5](#F5){ref-type="fig"}**). Filamentation, observed as enlarged cells with indistinguishable cell membrane structure from cytoplasm and melted-like formations were acquired after PL treatment for 5 s (**Figure [5B](#F5){ref-type="fig"}**). This phenomenon occurs when cell growth continues in the absence of cell division leading to defective organisms and is therefore evidently associated to stressful environments ([@B12]). The basically strictly controlled uniformity of cell shape and size may also be altered to the purpose. Filamentation is known for various foodborne pathogens but the biological role is not fully understood so far ([@B29]). In a study of [@B61] the proportion and length of filaments of *L. monocytogenes* increased up to 8.5 times after application of food associated stress conditions (e.g., NaCl, pH) while the CFU values decreased. This could have relevant implications for food safety as filaments form single colonies but may divide into individual cells after stress removal.

![**Transmission electron microscopy (TEM) micrographs of untreated *L. monocytogenes* Li-P69 cells.** Scale bar equals 500 nm **(A--C)**.](fmicb-07-00490-g003){#F3}

![**Transmission electron microscopy (TEM) micrographs of *L. monocytogenes* Li-P69 cells treated with 1.2 J cm^-2^ for 3 s.** Scale bar equals 1 μm **(A--C)**.](fmicb-07-00490-g004){#F4}

![**Transmission electron microscopy (TEM) micrographs of pulsed-light exposed *L. monocytogenes* Li-P69 cells treated with 2.6 J cm^-2^ for 5 s.** Scale bar equals 1 μm **(A,B)** and 500 nm **(C)**. Arrows indicate irreversible damage to bacterial cells, melting structures, and ghost cells (empty envelope structures).](fmicb-07-00490-g005){#F5}

Alterations in cells caused by PL have been shown in other studies with regard to Gram-negative and --positive bacteria, bacterial endospores and yeast cells ([@B49]). The so called multitarget properties of PL caused by photothermal and photophysical effects are partly proven for *L. monocytogenes* and *E. coli* O157:H7 under TEM observations ([@B8]).

However, the introduction of artifacts should be integrated into image interpretation and be handled with care ([@B12]).

Conclusion
==========

This study provides some evidence for homologous tolerance development in *L. monocytogenes* against repeated PL stress as well as heterologous tolerance development from heat stress to PL. Further, the kinetic analysis confirmed that the log-linear model is not suited to describe the PL inactivation of *L. monocytogenes* and that the Weibull or the log-linear + tail model should be used. The models could be, therefore, used to assess microbial reduction or to optimize the treatment for a target reduction. TEM images showed remarkable cytoplasmic damage in cells and disintegrations of the morphological structure with increased fluence rate.

Both the tolerance development and the inactivation kinetics should be taken into account when substituting conventional inactivation treatments like heat by novel and mild inactivation technologies or combined treatments following a hurdle concept. Hence, future research should focus on the effect of tolerance development in pathogenic microorganisms and its relevance for food safety. This amongst others should include demonstration and quantification of this phenomenon *in vitro* as well as under real processing conditions.
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